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Abstract 

It is shown that existence of a large anomalous chromomagnetic moment of quark 
induced by non-perturbative structure of QCD leads to the additional contribution to 
exclusive p-meson electroproduction off proton target. The significant contribution com- 
ing from new type of quark-gluon interaction to the p-meson production cross section 
\ for both transversal and longitudinal polarization of virtual photon is found. Such non- 
!_ perturbative contribution together with conventional perturbative two-gluon exchange 
^ allows us to describe the experimental data at low for transversal polarization. How- 
^ ■ ever, in the longitudinal polarization case there is still some discrepancy with the data. 
The possible source of this deviation is discussed. 
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1 Introduction 



One of salient features of perturbative high-energy QCD is conservation of the s-channel 
hehcity of quarks. On the other hand, the QCD vacuum possesses a nontrivial topological 
structure - instantons are an extensively studied example (for the reviews [H [2])- Such 
topological fluctuations generates the celebrated multiquark t'Hooft interaction which is 
responsible, for example, for the solution of Ua{1) problem in QCD [3]. Additionally, 
instantons were shown to generate a non-trivial spin- flip, i.e., s-channel helicity non- 
conserving, quark-gluon interaction This interaction can be described in terms of an 
anomalous chromomagnetic moment of quarks (ACMQ) complementary to the perturba- 
tive Dirac coupling. Novel contributions from this non-perturbative interaction to the soft 
Pomeron, gluon distribution in the nucleon and sizable spin effects in strong interactions 
have already been discussed in the literature [U El El 12] • A magnitude of the ACMQ can 
be related to the instanton density in the QCD vacuum. 

The exclusive vector meson electroproduction is a unique testing ground of the s- 
channel helicity properties of the quark-gluon coupling. Specifically, s-channel helicity 
non-conserving transitions from photons to vector mesons are possible even within the 
perturbative QCD for a fundamental reason that a helicity of mesons can be different from 
a sum of the quark and antiquark helicities (see [7] and references therein). The ACMQ 
would introduce an extra contribution to both the s-channel helicity conserving and non- 
conserving vector meson production amplitudes. Although it comes from manifestly soft 
region, a direct evaluation of such a contribution is needed. 

Helicity properties of electroproduced vector mesons have been extensively studied in 
three experiments at HERA DESY, i.e. by the HI, ZEUS and HERMES collaborations. 
Although gross features of these data are well consistent with pQCD-based theoretical 
predictions (see review [7] and recent development in [8], [9] ), there remain several open 
issues. An outstanding problem is a large relative phase of the leading helicity amplitudes 
for production of longitudinal and transverse p°'s and {/)'s, which has been observed by the 
HERMES and HI Collaborations [101 HH [12] • It is definitely larger than the prediction 
based on the handbag mechanism [13] and also in the conventional pQCD pomeron-based 
color dipole approach [H] (see discussion in [7]). Besides that, pQCD-driven approaches 
seem to fail with the experimentally observed dependence of the ratio OhjoT in full ex- 
perimentally studied range of Q^: theoretical calculations substantially overestimate this 
ratio at large . Finally, it is important to evaluate an impact of new non-perturbative 
mechanism on the transition from real to virtual electroproduction. 

In the present paper we study exclusive p- meson electroproduction off protons with 
allowance for the novel s-channel helicity non-conservation mechanism induced by the 
anomalous chromomagnetic moment of quarks. We focus on the simplest observables, ui, 
and (Tr, a calculation of the full set of helicity amplitudes will be reported elsewhere. 
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2 Anomalous quark-qluon chromomagnetic interac- 
tion 



In the most general case, the interaction vertex of massive quark with gluon can be written 
in the following form: 

v.iki ki = -9snmi ki n'h, + ^-i^mi ki k% (i) 

where the first term is a conventional perturbative QCD quark-gluon vertex and the second 
term comes from non-perturbative sector of QCD. In Eq|T]the form factors Fi^2 describe 
a nonlocality of the non-perturbative interaction, ki^2 are the momenta of incoming and 
outgoing quarks, respectively, and k = ^2 — fci, m is the quark mass, and 0"^,^ = {j^ju — 
7j,7^)/2. In what follows, we focuse on effects of the novel color chromomagnetic vertex 
and keep /c|, k^) = 1. The anomalous quark chromomagnetic moment (AQCM) 

equals 

/X, = F2(0,0,0). 

In the earlier paper [1] it was shown that instantons, a strong vacuum fluctuations 
of gluon fields with nontrivial topology, generate an ACMQ which is proportional to the 
instanton density 

dpn{p)p'^ 

In terms of the average size of instantons pc and the dynamical quark mass m in non- 
perturbative QCD vacuum one finds [5] 

_ _37r(mpj2 

4as(Pc) 

which exhibits a strong sensitivity of the ACMQ to a dynamical mass of quarks. To this 
end we emphasize an implicit assumptions that quarks are light, ie., the above estimates 
of ACQM are valid for u, d, s, while for heavy quarks ACQM vanishes. For the average 
instanton size p~^ = 0.6 GeV this mass is changing from m = 170MeV in the mean field 
(MF) approximation to m = 345 MeV within Diakonov-Petrov (DP) model. The QCD 
strong coupling constant at the instanton scale can be evaluated as 

as(pc) ~ 0.5, 

and the resulting AQCM for light quarks is numerically quite large: 

, MF ^ n /I , DP ^ 

Pa ~ -0-4, Pa ~ -1-6- 

Recently, an AQCM of similar magnitude has been obtained within the Dyson-Schwinger 
equation approach to non-perturbative QCD (see discussion and references in [15]). 

The form factor F2{kl, k^, k"^) suppresses the AQCM vertex at short distances when 
the respective virtualites are large. Within the instanton model its explicit is related to 
Fourier-transformed quark zero-mode and instanton fields and reads 

F^iklkln') = pa%{\ ki I p/2)<l>,(| k2 I p/2)F,(| k \ p) , 
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where 

%{z) = -zj-{I^{z)K,{z)-h{z)K^{z)), 

Fg{z) = ^-2K,iz) 

are the where Iu{z), K^{z), are the modified Bessel functions and p is the instanton size. 

Recent discussion has shown |5] that the ACQM contribution complements the pQCD 
evaluations of the total quark-quark cross section in a way which improves constituent 
quark model description of high energy nucleon-nucleon total cross section. Furthermore, 
such model provide the soft contribution to the gluon distribution in the nucleon which 
is consistent with initial conditions to a DGLAP evolution of phenomenological PDFs. 
A purpose of the present communication is to explore the effects of ACQM in elastic 
(diffractive) electroproduction of p mesons. 



3 Model for vector meson exclusive production 

Driven by VBKL considerations, high energy diffractive production of vector mesons is 
usually desctribed by an exchange of a color-singlet two-gluon tower in the t-channel. The 
corresponding diagrams are presented in Fig.l. By using the Sudakov expansion for the 




c) d) 



Figure 1: The diagrams which contribute to high energy exclusive vector meson electro- 
production off proton by two gluon exchange. Here the blob stands for the generalized 
quark-gluon vertex Eq|T] 
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momenta of proton and virtual photon 



2 

7Ti 

Pi^=P^ + —Q^. (lt^ = %- xPf,, q =P =0, (3) 

where = —q"^, x = ^ ^ 1, s = 2{p'q'), the quark momentum k in the quark loop, 
gluon momentum k, and momentum transfer to proton A (see Fig.l) can be presented in 
the following form 

ap' + Pq' + (4) 



— * — * 

where any vector / is transversal part of four-vector which satisfies the relation I ■ q' = 
I- p' = 0. 

Hereafter we follow the ^-factorization analyis devloped in fi6[ [T8| [T7]. The polariza- 
tion vectors for virtual photon e and vector meson V are 









eifi = 




+ xp'^), 


Vt^ = 


K + 


2{AV) 

P 

s 




±( 

M I 


, A2 

i + — 



-M2 



(5) 



where M is the mass of qq pair on mass-shell: 



r 



M' = (6) 



The imaginary part of the amplitude takes the form 

1 - z 



z kl^ + m^ + z{l- z)Q'^ kf^ + m'^ + z{l- z)Q'^ 

/(c) ^ j{d) 



(7) 



A;^ + m2 + 2(1 - 2)Q2 1 - z kf^ + m2 + ^(1 - 2)g2_ 

Here aem is the fine-structure constant, Cy = 1/a/2 is coming from the flavor part 
of the p meson wave function, J-'(x, k, A) is the differential gluon density and ipi^, k) is 
light-cone wave function of the p-meson, for which we us a simple parameterization 

= cexp = cexp (-^ (p + \{2z - lfM^\\ (8) 
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where p is 3-dimensional relative momentum of quarks in pair. Two constants a and c 
were fixed by the normahzation of wave function and decay width r(p — e~^e~), we find 
a = 3.927 GeV-\ c = 17.44. 

For the QCD running couphng we use 

where Aqcd = 0.28 GeV and the value nig = 0.88 GeV imposes the infrared freezing at 
as(l/p^) ~ 7r/6 [2]. Here is the maximum virtuality of momentum which inserted to 
vertex, i.e. = Max^kf, kl, k^). 

is the trace over quark line in i) diagram from FigJT] divided by 2s^. It is involved 
a three parts: 

^pert I ^cm ' mix' V 

Below we are using the following notation for the transverse momentum of quark 

kia = k-{l-z)K 
kib = k-{l- z)A + K + 

k^^ = k- {I- z)A-K + ]^K (11) 
kid = k + zK 

Such shift of momentum is needed for keeping transverse momentum of quarks inserted 
to meson vertex to be equal k for all diagrams in order to take out il){z, k) as common 
multiplier. Besides, [ab] = a^by — ayhx- 

The formula for TT transition in case when both of quark-gluon vertices are pertur- 
bative is 

41(T^T) = [(e-y*)(m2 + ^fcij + (f*^)(e^ij(l-2z)2-(efc)(y*^i,)] . (12) 

For pure perturbative vertices there is the relation between different contributions 
t(P) ^ Ac) _ 1 - ^ .(g) ^ ^jid) 

■'■pert ■'pert ^ ■'pert ^■'pert 

subject to a proper substitution of the loop quark momenta the relevant diagrams of 
Fig.l. 

When both quark-gluon vertices come from nonperturbative ACQM, we find 



X 



li:^{T ^ T) = [{eV*){m^ + kha) + {V*k){ekia){l - 2zf - {ek){V*ha) 

xF2(A:,\,g, 0, «:2)F2(4,,g, 0, /c^). (13) 

Here we notice that one of quarks is always on mass-shell, and kjjj^^^ stand for the 

virtuality of the off-mass shell quark. To obtain formula for Icm one should perform the 
substitutions z/{l — z) — [1 — z)/z and kia — )■ kid in above expression. The AQCM 
contribution from graph in Fig.lc is 

li'^iT ^T)= [((1 - 2z)'iV*k){hc(^ - {kh,){eV*) + ike}iV*h,))K'' + 

W(2(e/5)(\/*K) - (e-y*)/52)lF2(A;,\,g,0,«:2)F2(4,,g,0,«:2). (14) 
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The replacement ki^ — )■ kn, leads to the formula for /, 

The interference of the pQCD and ACQM vertices gives 



4t(^ ^ T) 



m 



{V*k){i^e){l - 2z) - [eK][V*k] - {eki,){i^V){l - 1z) - \ekx^\KV*\ 

X (i^2(4av., 0, K^) - F2(A;2 0, «:2))(15) 



The J^Ij; is obtained from the above by substitution k\c — j- kx^,. The remaining amplitudes 



are 



zm 



{V*k){Re){\ - 2z) - [eK][V*k] - {ekxa){KV){^ - 2^) - [ekiaWV*] 



1 - 2 L 

X (F2(4avg,0,«:')-F2(A:2^,g,0,«:2)) 



(16) 



llnliT^T) = '^"^ [{V*k){Ke){l - 2z) + [eR][V*k] - {ek,,){KV*){l - 2z) + [ehd]W*] x 

X (i^2(4avg, 0, k") - F.ik'j^^^, 0, k')) . (17) 

For the longitudinal polarization we obtain 

dL^L) = ~AQMz\l-zy 
ll,i{L ^L) = -AQMz\l - zfK'F2ikj,,^,0,K^)F2ikl,,^,0,K^). (18) 

And J*^^) = J'^'^^ = — = with corresponding In the longitudinal case 

the contribution from the interference of pQCD and AQCM vertices vanishes 

/-(a) (f _^ f) ^ rib) ^ Ac) ^ Ad) ^ Q /.QN 
mix\ / mix mix mix \ '^J 

A common feature of nonperturbative approaches is a fast running dynamical mass 
of constiituent quarks which drops to a small current quark mass at large virtualities. 
In principle, the running of the quark masses affect the dependence of vector meson 
production observables. However, such an fill-fledged involved calculation is beyond the 
scope of the present communication. Here we only recall that according to the color 
transparency considerations the vector meson production amplitudes are dominated by 
the components of the vector meson wave function taken at transverse size, i.e., the 
scanning radius ~ 6/ ^/Q"^ + rriy [191 EOl E]- Consequently, the virtuality of quarks is 
oc (Q^ + my), and arguably one can model an approach to the pQCD regime at large 
virtuality of the photon making use of a simple approximation 



m(0) 

where m(0) = 345 MeV and my = 770 MeV 
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4 Discussion of the results for ai and cr^ 



The final result for cross sections is presented in Fig. 2 in comparison with data obtained 
by HI and ZEUS Collaborations. Helicity flip transitions are found to give a very small 
contribution to the total production cross section, see also discussion in [7]: 

(7t = CTt^T + O'T^L ~ O'T^T (21) 




[GeV^] Q' [GeV^] 

Figure 2: Cross sections of p meson exclusive electroproduction: left panel is for longitu- 
dinal virtual photon polarization and right panel for transversal photon polarization. The 
solid line is the calculation with AQCM, dashed line is the result of pQCD contribution 
with running quark mass, Eqj20| and dotted line is pQCD calculation with fixed quark 
mass niq = 220 MeV [T7l [18]. Experimental points are taken from [21] for HI and from 
[22] for ZEUS Collaborations. 

The longitudinal cross-section ai is free of the interference of the pQCD and AQCM 
vertices. Allowance for AQCM effects slightly enhances ai in the region of non-perturbative 
small Q^, but still the cross section is overestimated in low region. There is one caveat, 
though: we evaluated the pQCD contribution using the unintegrated gluon density which 
has been tuned to the experimental data on the proton structure function. To be more 
accurate, one must reanalyze the structure function data with allowance for the AQCM ef- 
fect, arguably that would lower somewhat the resulting pQCD contribution to cr^ bringing 
the theoretical curve closer to the experimental data points. 

The case of the transverse cross section a-r is more subtle. In this case the effect of 
the pQCD-AQCM interference is quite substantial. As a matter of fact, the resulting de- 
structive interference numerically takes over the pure AQCM contribution and lowers ctt 
compared to the pure pQCD contribution. It is well understood that ctt is more suscep- 
tible to the non-perturbative effects in comparison with ai- Indeed, the non-perturvative 
corrections to ar die out substantially slower than corrections to cxi,. 



7 



Figure 3: Additional contribution to exclusive electroproduction of the p meson coming 
from quark- antiquark exchange between chromomagnetic vertices. 



To this end we notice that we only treated a leading in 1/Nc restricted class of the in- 
stanton induced non-perturbative QCD interactions which are reducible to the anomalous 
chromomagnetic quark-glion vetrex. The full-fledged t'Hooft's-like multipartonic interac- 
tion [3] gives rise to a more complicated diagrams, examples are shown in Fig.3. The 
issue of such contributions will be considered elsewhere |23]. We also have checked the 
possible effect of introduction of the form factor into pQCD vertex which cuts low transfer 
momentum region where one-gluon exchange picture looks questionable. It leads to the 
decreasing of the both longitudinal and transverse cross sections at low Q^. In this case 
we observe significant improvement of agreement with experiment of our calculation for 
(Tl, but agreement of calculated (Tt with data becomes worse. 

As we emphasized, the ACQM vertex manifestly violates the quark s-channel helicity 
conservation. Arguably, the effects of ACQM will be stronger in the helicity flip am- 
plitudes of vector meson electroproduction. The numerical results for full spin desnity 
matrix of diffractive p-mesons will be presented elsewhere. 
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